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Liu, Zheng and Barry J. Richmond. Response differences in mon-nition (Iwai and Mishkin 1968; Mishkin 1982; Mishkin et al.
key TE and perirhinal cortex: stimulus association related to rewa1@97)_ However, inferior temporal cortex is not a single ho-

schedules.J. Neurophysiol.83: 1677-1692, 2000. Anatomic andm n region. Electrophvsioloaical i far hav
behavioral evidence shows that TE and perirhinal cortices are t ogeneous region. Electrophysiological studies so far have

0 R . i

directly connected but distinct inferior temporal areas. Despite tfﬁéund th,at.two directly connected inferior temporal areasf TE
distinctness, physiological properties of neurons in these two ar&d perirhinal cortex (Saleem and Tanaka 1996; Suzuki and
generally have been similar with neurons in both areas showiAgnaral 1994a), are very similar in neuronal response proper-
selectivity for complex visual patterns and showing response modies despite a large body of behavioral and anatomic evidence
lations related to behavioral context in the sequential delayed matﬂl‘ﬂdicating that they are distinct. In this study, we identify
to-sample (DMS) trials, attention, and stimulus familiarity. Here wetriking differences in the neuronal response properties be-

identify physiological differences in the neuronal activity of these tw een these two areas related to association of the stimulus
areas. We recorded single neurons from area TE and perirhinal cor exh -
With predictable reward schedules.

while the monkeys performed a simple behavioral task using ra . . - o
domly interleaved visually cued reward schedules of one, two, or Selective ablations of TE and perirhinal cortex indicate that
three DMS trials. The monkeys used the cue’s relation to the rewdfeir roles in pattern recognition are different (Buckley et al.
schedule (indicated by the brightness) to adjust their behavioral p@897). Removal of the perirhinal cortex impairs performance
formance. They performed most quickly and most accurately in triah§ a short-term memory task but not a color-discrimination
in which reward was immediately forthcoming and progressively |e%§sk, whereas removal of area TE impairs performance of a fine

well as more intermediate trials remained. Thus the monkeys appeat8ibr-discrimination task but not a short-term memory task.

more motivated as they progressed through the trial schedule. Neur - . P
in both TE and perirhinal cortex responded to both the visual cug‘zﬁitom'c evidence also indicates that these areas should be

related to the reward schedules and the stimulus patterns used inctﬂg&dered distinct. Ar.ea.TE IS conngcted dlreqtly_W|th cortlca_ll
DMS trials. As expected, neurons in both areas showed respoRég@ V4, Whereas perirhinal cortex is not. Perirhinal cortex is
selectivity to the DMS patterns, and significant, but small, modul&onnected with entorhinal cortex, whereas area TE is not
tions related to the behavioral context in the DMS trial. However, TESuzuki 1996; Suzuki and Amaral 1994b; Witter 1993).
and perirhinal neurons showed strikingly different response propéterirhinal cortex is also strongly connected to brain areas
ties. The latency distribution of perirhinal responses was centemaslated to reward and motivation, such as ventral striatum (Van
66 ms later than the distribution of TE responses, a larger differeng@esen 1981; Witter and Groenewegen 1986) and ventral
than the 10-15 ms usually found in sequentially connected V'Sl{ébmental region (Akil and Lewis 1993, 1994; Insausti et al.
cortical areas. In TE, cue-related responses were related to the C% 37), whereas area TE is not. In addition, surveys of cortex

brightness. In perirhinal cortex, cue-related responses were relate S : :
the trial schedules independently of the cue’s brightness. For examp ?perlrhlnal cortex among two or three regions with the

e : . : hsest distribution dopamine carrying fibers and dopamine
some perirhinal neurons responded in the first trial of any rewal . ;
scheduple including the one IL:rial schedule, whereas othe¥ neuréfsepPtors (Akil and Lewis 1993, 1994; Berger et al. 1988;
failed to respond in the first trial but respond in the last trial of anfRichfield et al. 1989).
schedule. The majority of perirhinal neurons had more complicatedGiven the anatomic and behavioral results related to these
relations to the schedule. The cue-related activity of TE neuronsti®o areas, it seems reasonable to expect substantial differences
interpreted most parsimoniously as a response to the stimulus bright-signals carried by the single neurons in them. Thus far,
ness, whereas the cue-related activity of perirhinal neurons is intawever, physiological recordings in these two areas have
preted most parsimoniously as carrying associative information abegt,ng little difference between them. Neurons within both
the animal’s progress through the reward schedule. Perirhinal cor as show great stimulus selectivity for complex visual pat-
may be part of a system gauging the relation between work schedu[&shS (Baylis et al. 1987; Desimone et al. 1984; Gross et al.
and rewards. 1972; Nakamura et al. 1994; Riches et al. 1991; Richmond and
Sato 1987; Tanaka et al. 1991). In both areas, these stimulus-
elicited responses are modulated by several factors, including
INTRODUCTION display sequence in a delayed match-to-sample (DMS) task
; ; ; ; - ¢(Fskandar et al. 1992; Li et al. 1993; Miller et al. 1993),
Ablation experiments in monkey have established that mfg_%tention (Desimone 1996: Richmond et al. 1983). and stimulus

rior temporal cortex is critical for normal visual pattern recoﬁamiliarity (Gross et al. 1979: Miller et al. 1991: Riches et al

The costs of publication of this article were defrayed in part by the payme%lﬂggl)' . .
of page charges. The article must therefore be hereby maeidacbftisemerit |_n our search for differences in the neuronal response prop-
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.  erties between these two areas, two observations influenced us:
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the connection of perirhinal cortex, but not area TE, to thag across parts of the schedule where the cue’s brightness and
ventral striatum (Van Hoesen 1981; Witter and Groenewegtre monkey’s performance were identical. Thus, neurons in
1986) where neurons carry information about reward and nmaea TE carry signals emphasizing stimulus identity, whereas
tivation (Apicella et al. 1991; Bowman et al. 1996; Schultz gteurons in perirhinal cortex carry additional strong signals
al. 1992; Shidara et al. 1998; Williams et al. 1993) and tiRbout associative behavioral significance of stimuli related to
structurally organized and dense dopamine carrying fibers dfg Progress through a predictable schedule of trials.
dopamine receptors in perirhinal cortex (Akil and Lewis 1993,

1994; Berger et al. 1988; Richfield et al. 1989). Dopamine METHODS

thought to play a central _role in signaling reward (Schm_téubjects, behavioral task, and visual stimuli
1997, 1998). We hypothesized that the responses of perirhinal

neurons could be modulated by signals related to those seep ifwo adult rhesus monkeysfacaca mulatta weighting 7.5and 8
the ventral striatum. g, respectively, were used in this study. The monkey was seated in

. . primate chair facing a rear projection screen ¥900°) located 57
To allow differentiation of factors related to reward an m away. A black-and-white random dot background covered the

motivation from factors related to pattern recognition, W& e screen.

combined a behavioral paradigm used previously to studyrhe monkeys had to perform a series of sequential DMS trials.
ventral striatal neurons, visually cued reward schedules (Bowhese were grouped into reward schedules of one, two, or three trials.
man et al. 1996; Shidara et al. 1998), with a behavior paradigkaward was delivered only after the monkey correctly performed the
frequently used to study visual pattern recognition, DMS. liast trial in a schedule. Each trial in a schedule could be referred to by
the task here, the monkeys were required to complete sch'@_ﬁ;tate within a schedule (i.e., the current trial position in a schedule
ules requiring one, two, or three correct DMS trials to obtain@vided by the length of the current schedule). Buhiedule states
reward. The reward schedules were randomly interleaved. THge 1/3, 2/3, 3/3 for a three-trial schedule, 1/2, 2/2 for a two-trial
schedule in effect and progress through it were signaled b;ggedule, and 1/1 for a one-trial schedule. The progress through a

. : . edule was indicated by a cue (a simple bar of light). The brightness
brightness of a visual cue (a simple bar) located above the m§(f;ethe cue varied from white to black in direct proportion to the

complex stimulus patterns used for the DMS trials. fractional value of the schedule state (Fig)1Reward trials were
Neurons in both areas showed responses related to bothdgfaled by the same black bar, even when they ended schedules of
patterns used in the DMS trials and the visual cues. Somlierent lengths (1/1, 2/2, and 3/ 1). The cued-schedule aspect of
response properties such as DMS pattern-related stimulus tae-task has been used previously to study the effect of motivation on
lectivity were similar. However, TE and perirhinal neuronsentral striatal neuronal activity (Bowman et al. 1996; Shidara et al.
also show strikingly different response properties. The laten¢§98). _ _
distribution of perirhinal responses is centered 66 ms later tharYVe imposed no requirement for the monkey to notice or use the cue
the distribution of TE responses. Furthermore when the StimLﬂH””g the task, and there was no explicit punishment for incorrect
here the visual cues, were associated explicitly with the rew. F@'i't Howewlar, tf?e SCheo'“"i tsya}teAgdvanced a“f'h the r‘]:“g Ichatn%ed
schedule, the cue-related responses were very different acr [EL1INess only after a correct rial. Ater an error, he schecule sate

h N in TE eith ded I not change, and the same cue reappeared in the next trial. A
these two areas. Neurons In TE either responded 1o all CUe§&arg was delivered after successful completion of the final trial of

did not respond to any of the cues, regardless of the schedgléchedule. A new schedule was picked pseudorandomly after a
In contrast in perirhinal cortex, responses related to the Civard. There was no relationship between the specific DMS pattern
occurred only at some parts of the schedule, even differentiappearing on a given trial and progress through the schedule.

A

Schedule State 1/2 212 FiG. 1. A: behavioral paradigm. Diagram shows the timing
sequence of different events in a 2-trial reward schedule. Num-
bers on theop of the figure show the schedule states of the trial.
Labels on thdeft of the figure mark the event of the timeline.
Touch Bar, when a touch-bar is contacted and when it should be
released in a correctly performed tri@ue, when the schedule
cue is presented and when it is turned off. Long horizontal bars
. . . in the time period where the cue is on show the relative bright-
first trial second trial nesses of the cues used in this 2-trial schedule. Gray bar is the cue
for schedule state 1/2, whereas the dark bar is the cue for
schedule state 2/DMS shows the event sequence of sequential
delayed match-to-sample (DMS) trials, where S is the sample
B stimulus, NM is the nonmatching stimulus, and M is the match-
ing stimulus. A random number of nonmatching stimuli (from 0

‘ ﬂ ; - to 3) are used in a DMS trial (shown by the dashed liReward
% ‘ -; E E E : m shows when a reward is given (upward squarewave, only at the
Sozess B end of the schedule). Long line with label in thettomof the
2 3 4 5 6 7

8 figure shows the trial numbeB: stimulus patterns used in the
DMS phase of the trial—a set of 8 two-dimensional black-and-
white Walsh patterns (Eskandar et al. 1992)bars with differ-

C ent brightnesses used as visual cues. Schedule states are shown

on top of the corresponding cues.

(1/3) (1/2) (2/3) (111, 2/2, and 3/3)
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Three sets of visual stimuli were useld.A small gray dot (0.5° in to the skull during an aseptic surgical procedure performed with the
visual angle) was used as fixation spot. This was located directlyanimal under isoflurane anesthesia. A scleral magnetic search coil for
front of the monkeys at the center of the scre@h.Eight two- measuring eye movement was implanted during the same surgery
dimensional (8.5X 8.5°) black-and-white patterns were used afludge et al. 1980; Robinson 1963). The monkeys were given a 2-wk
stimuli presented in the DMS trials (FigB}, referred to as th®MS postoperative recovery period. The monkeys were retrained to the task
patternsthroughout. These also appeared at the center of the screith a loose fixation requirement (withitt5° of the fixation spot).
When a pattern appeared it obscured the fixation p8jnEour gray
bars (4x 75°) of varying brightness were used as visual cues (FiSringIe-neuron recording
1C), referred to as theue throughout. The cue was displayed 26°
above the center of the screen. Single-neuron data and behavioral data were collected while the

A two-trial reward schedule is shown in FigA1For each trial, the monkeys performed the cued reward schedules in both the cued and
monkey started the trial by contacting a touch bar (labeled Touch Buffled conditions. A hydraulic microdrive was mounted on the
in Fig. 1A). Immediately after the touch bar was contacted (20 ms),racording cylinder, and tungsten microelectrodes with impedance of
visual cue was displayed near the top of the projection screen ah8-1.7 M) (Roboz-Microprobe, Rockville, MD) were inserted
remained on throughout the trial without changing (labeled Cue ithrough a stainless steel guide tube. Experimental control and data
Fig. 1A). A fixation spot appeared in the center of the screen 220 ragllection were performed by a PC, using the REX real-time data-
after the onset of the visual cue. The monkey was required to fixa@equisition program (Hays et al. 1982) adapted for the QNX operating
loosely (within+=5° of the fixation spot) for the whole trial. Both the System. Single-neuron activities were isolated by first calculating
cue and fixation spot were displayed for 900—1,000 ms before the tfigincipal components then thresholding their values (Abeles and
progressed to the DMS phase. In the DMS phase of the trial (labelédldstein 1977; Gawne and Richmond 1993). Single-neuron activities
DMS in Fig. 1A), a sample pattern, S, replaced the fixation point. Thegnd all relevant behavioral data were stored with 1-ms time resolution.
a random number (0, 1, or 2) of nonmatching patterns, NM, appearedill of the experimental procedures described here were in accor-
in sequence before the original pattern (matching pattern) reappeagafce with theNational Institutes of Health Guide for the Care and
M. Sample and nonmatching stimuli were displayed for 500—1,0d¢se of Laboratory Animaland were approved by the Animal Care
ms. The interstimulus interval was 300—800 ms. When the originaind Use Committee of the National Institute of Mental Health.
pattern reappeared, the monkey was required to release the bar within
2 s to indicate a match. A reward was delivered after the monkgyecording sites localization
performed the last trial in the schedule correctly (labeled Reward in
Fig. 1A). A trial was counted as correct if the monkey released the bar\We used magnetic resonance imaging (MRI) to confirm the single-
within 2 s; otherwise an error was registered. An error also waguron recording locations (Saunders et al. 1990). A microelectrode
registered if the monkey moved its eyes beyond the fixation limit. Theas inserted into the monkey’s cortex before MRI as a landmark to
mean reaction times wers500 ms (SE®RESULTS. indicate the recording locations. The recording areas, on the lateral-

We also used a version of the same task in which the cue waédial plane, for both perirhinal cortex and TE of one monkey are
shuffled randomly with respect to the schedule. In this shuffled tagikiown in Fig. 2. On the anterior-posterior plane, TE recording was
the cue no longer reflected the schedule state. In the following text, gfried out in the area from 14 to+17, whereas perirhinal recording
visually cued task is referred to as tleied condition and the Wwas from+18 to+23. Neurons were recorded from comparable areas
randomly shuffled task is referred to as steuffled condition in a second monkey.

Training procedures Data analysis

_Monkeys initially were trained to perform DMS with each correct genayioral performance was measured using both reaction time and
trial being rewarded (a 1-trial schedule). The cue was present, Ridfor rate. The reaction times were measured from the onset of the

didn't change. After the monkey learned to perform DMS trialgyaich stimulus to bar release. The behavioral performances were
(>90% correct), randomization among the three schedules was stagig@l jated for each schedule state in the cued condition or each cue
abruptly. Within a few minutes, the monkeys’ behavior began to Shot.Wightness in the shuffled condition.

the influence of the cue. The effect of the cue on the monkey'sThe stimulus-related neuronal responses were measured by count-

behavior stabilized within 1 wk. _ ing the number of spikes during a 350-ms interval starting 80 ms after
The shuffled condition of the task was introduced when the mon-

keys' performances of the cued task were stable. In the shuffled
condition, the monkeys performed as if the cue was ignored (see
REsULTY. The monkeys performed the shuffled task on the day it was
introduced. Switching the task between cued and shuffled conditions
then was introduced. The cued and shuffled tasks were run in blocks
of trials. When the condition was switched, it was switched without
warning. After one or two sessions of experience, the monkeys’
behavior switched as soon as they discovered that the cue had becorr
meaningful or not, depending on the direction of the switch. Single sts—
neuronal recording began after the monkeys were experienced in the

Electrode Tracks

switching. £ '\ f
Before the surgical preparation of the monkeys, there was no amts rs amts s
requirement for the monkeys to fixate. Once the monkeys’ behavioral s E
performance stabilized, the monkeys were prepared for electrophysi- Peririhinal TE
ological recording. Fic. 2. Recording sites in 1 monkey localized using magnetic resonance
images.Left electrode artifact (black line) ending at the most lateral and
Surgical preparation uppermost border of the actual recording area for perirhinal neurons (outlined

. ) in a white box).Right electrode ending at the uppermost border of the actual
After the monkeys were trained to perform the behavioral task,récording area (outlined in a white box) for TE neurons. Recording areas in the
cylinder for microelectrode recording and a head holder were affixedd monkey were comparable with those shown for the 1st monkey.
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onset of the stimulus (either a cue or a DMS pattern) for perirhinedsponse onset should be observable across a wide range of band-
neurons and starting 50 ms after stimulus onset for TE neuromddths. Therefore average spike density functions were formed using
Different starting times for spike counting were used in measurir@aussians having standard deviations ranging from 5 to 45 ms in 5 ms
neuronal responses in TE and perirhinal cortex because perirhis@ps. For each Gaussian standard deviation, we formed a vector of
neurons had longer latencies. Spontaneous activity was measuatency estimates from all of the stimulus conditions being considered
during 350 ms before the onset of the cue. Statistical significanceeo§., for all of the DMS pattern-related responses. These vectors then
the results was evaluated at the 0.05 level. were correlated with the vectors obtained from the next larger Gauss-
A cue-related response was defined to be the neuronal respoiasestandard deviation. Typically as the Gaussian becomes wider (the
elicited by the cue during the time period when the cue was displayledndwidth becomes lower) the correlation rises and eventually
alone, i.e., the 500 ms immediately after the cue’s onset. A DM®aches an asymptotic value (Fig. 3). Our final estimates of the
pattern-related response was defined to be the neuronal respofetescies are taken from the data filtered with the narrowest Gaussian
elicited by a DMS pattern in the DMS trial. reaching the asymptotic correlation value. To account for noncausality
of the Gaussian, we added half the standard deviation of the final
Gaussian to each latency value, making it possible to compare values
from different Gaussians. The Gaussian standard deviations were

Except for the special case in which there is no ongoing activifypically 20-30 ms. .
preceding stimulus onset, determining the latencies of neuronal reThis procedure works well for these data, giving values that are
sponses to that stimulus remains a difficult issue. Overall, probal§ignsistent with values we would have chosen by eye (see Fig. 7). The
the best way to estimate latency is by eye. However, we wished¥@me procedure can be and was applied to periods of inhibition.
have some objective quantitative estimate. We used a procedure to
estimate latency of a response using the average spike density fronralsu L Ts
of the trials related to one stimulus. We avoided the additional ) . . )
difficulty of estimating trial-by-trial latency. Behavioral and electrophysiological data were obtained
In the method used here, the average spike density function waBile the two adult rhesus monkeysl( mulattg performed
formed for the responses related to each stimulus by convolving tt&ndomly interleaved reward schedules of one, two, or three
responses with a Gaussian having a fixed standard deviation (RIiBMS trials in both the cued and shuffled conditions.
mond et al. 1987). For this average spike density function, we iden-
tified the period of the largest monotonic rise (or fall) in the 500 M8ehavior
after stimulus onset. For each stimulus, we then identify the first point
in the monotonic rise that was higher than the highest point of activity Although the monkeys were free to ignore the cue indicating
during the 200 ms before stimulus onset. The time of this first poifiie schedule progress, their behavior was influenced consis-
Obviously, the standard deviation of the Gaussian used to form d the mean error rates were strongly related to the schedule
spike density function strongly influences the latency estimation. ates (Fig. 4). As the end of a schedule approached (indicated

the bandwidth is too wide (that is preserving too much high-frequen :
information), fluctuations due to high-frequency noise will interfer the brightness of the cue), the monkeys released the touch

with identifying the overall trend thus interfering with the estimate dpar more quickly and made fewer errors. The monkeys showed
the largest monotonic rise. The onset of stimulus-related responfa@ shortest reaction times and fewest errors when the cue (a
should occur at a more consistent time than any background flucelark bar) indicated that a reward would be delivered if the
ation, rising or falling at about the same time across trials. Thus tharrent trial was completed successfully. For both monkeys,

Latency measurement
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’ 4 y. L

— 0.8
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O
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O
(&) 3 Fic. 3. Correlation coefficients of estimated laten-
c 0.3 1 cies using different Gaussian bandwidths (see text). For
O TE neuron {1p03r0J), the narrowest Gaussian reaching
= the asymptotic correlation value is 20 ms (the dotted
‘_“ 0.0 - - - vertical line), whereas for perirhinal neurgo2p03r03,
(] : TE the narrowest Gaussian is 30 ms (the solid vertical line).
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A cued condition were faster than the mean reaction times of all
—&—monkey 1 - O~ -monkey 2 trials in the shuffled condition (Wilcoxon rank sum tedt,=
30,P < 0.05; 1-tailed test), and the mean error rates of the final

550 -+ trials in the cued condition were smaller than the mean error
rates of all trials in the shuffled condition (Wilcoxon rank sum
test, W = 22, P < 0.05; 1-tailed test). So the monkeys’
behavior in the shuffled condition was poorer than that of the
maximally motivated states (the final trials) in the cued con-
dition. Thus it appears that the monkeys were less than max-
imally motivated on a trial-by-trial basis in the shuffled con-
dition.

500 +

450 4

400 +

Reaction Time (ms)

Electrophysiology
350

13 23 3/3 172 2/2 n Single neurons were recorded from both hemispheres of one
Schedule States monkey and one hemisphere of the other monkey. All of the
stimuli, both cues and DMS patterns, elicited neuronal re-
B sponses from some neurons of both TE and perirhinal cortex.
Responses related to cue appearance are referred to below as
cue-related responseResponses related to DMS pattern ap-
pearances within the DMS trial are referred to in the following
text asDMS pattern-related responsdaspection showed that
the neuronal responses were phasic. In every case, phasic
cue-related responses ended well before the sample pattern in
a DMS trial appeared, so there were no overlaps between
cue-related responses (from the period when the cue is dis-
played alone) and DMS sample pattern-related responses (from
P the period when the sample pattern is displayed).

10 4+

Error Rate (%)

(4]
i
T

1/3 2/3 3/3 1/2 2/2 n A
Schedule States

FIG. 4. Behavioral performance in the cued condition. Abscissa shows the
schedule states. Ordinate shows the mean reaction times in the correct trials
(A), and the proportion of error trials in all trial8), Each point is made up
from data collected from 1 monkey across the entire set of single-unit record-
ing sessions. Both monkeys make fewer errors and react more quickly as the
schedule state gets closer to the reward.

—&— Cued —A—Shuffled

550 +

o

(=3

(=]
3
¥

on Time (ms)
E-Y
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Q

the mean reaction times and mean error rates were the same ong 400 4
the final trial (i.e., the rewarded trial) of all three schedules (1, &
2, or 3; single-factor ANOVA, NS). Thus for behavioral anal- 350 ; ; )
ysis, we can treat all of the final trials of all schedules as if they 200 150 100 50 0
are the same. When that is done, there is a strong linear relation
between the brightness of the cue and both the mean reaction
time [linear regressior;(1,2) = 35.45,P < 0.05, Fig. #\] and
mean error rateH(1,2) = 385.70,P < 0.05, Fig. B]. In
addition, almost all of the variance in either the mean reaction
times or mean error rates can be explained by the cue’s
brightness (linear regression, reaction tirR8:= 0.95; error
rate:R? = 0.99). When the cues were shuffled randomly so that
the brightness of the cue no longer indicated the schedule state
of the current trial (the shuffled condition), the cue’s brightness 0
no longer affected the monkeys' behavior [single factor 200 150 100 50 0
ANOVA, mean reaction timeF(1,2) = 0.92, NS; mean error Brightness of the Cue
rate.F(l,Z) = 4.28, NS; Fig. 5]. IG. 5. Relationship between monkeys’ behavioral performance and the
This result shows that the monkeys treated the shufflgghs prightness in both the cued condition and shuffled condition. Abscissa
condition of this task as a task with a variable-ratio rewarghows the cue’s brightness on an arbitrary scale from 0 to 200 (corresponding
schedule (Mackintosh 1983). In past reports, when monkeggrightness of the computerized brightness scale). The smaller the number,
were asked to perform a simiar behaviora task in which eaflp i e e Oniner shous e et oo e 1 e el
trial was a color d_lscnmmat'_on (Shldara et al. 1997)'_ _th érzged O\F/)el’p2 monkeys across all single-neuron Fr)e(:ordir?g sessions (bars
monkeys were maximally motivated in the shuffled conditiofhdicating SEs).e, data from the cued condition;, data from shuffled
Here, however, the mean reaction times of the final trials in tlaendition.

Brightness of the Cue

Error Rate (%) w




1682 Z. LIU AND B. J. RICHMOND

We recorded from 107 TE neurons (73 franonkey land stimulus-related responses. None of the perirhinal neurons or
34 frommonkey 2and 97 perirhinal neurons (45 fromonkey TE neurons studied showed responses related to bar release or
1 and 52 frommonkey 2 In all of the analyses related toreward, as has been seen in ventral striatum (Bowman et al.
latency and response strength, the data from the two monké&@96; Schultz et al. 1992; Shidara et al. 1998).
were combined because there were no statistically significanfTo examine the latencies in area TE and perirhinal cortex,
differences between them. Among the TE neurons, 3 (3%) had measured the latency for every response that was signifi-
responses related to the cue only, 16 (15%) had responsastly larger than the background (seerHops). There was a
related to both the cue and DMS patterns, and 34 (32%) haatprisingly large difference in the latency distributions be-
responses related to one or more DMS patterns but not to theeen TE and perirhinal neurons (Kruskal-Wallis td3t.<
cue. The remaining 54 TE neurons did not show stimulu®-05; Fig. &) with the median being 66 ms longer in perirhinal
related responses. Among the perirhinal neurons, 11 (11%) lwadtex (TE: median 78 ms, interquartile range 60—115nms,
responses related to the cue only, 22 (23%) had respon288; perirhinal: median 144 ms, interquartile range 109-185
related to both the cue and one or more DMS patterns, anan8, n = 233). In contrast, the firing rate distributions over-
(8%) had responses related to one or more DMS patterns lagped almost completely (TE: median 14 spikes/s, interquar-
not to the cue. The remaining 56 perirhinal neurons showed tile range 10-20 spikes/sy = 282; perirhinal: median 11

A B

400
Perirhinal

Perirhinal

—
m

50

300 40
FiG. 6. Distribution of latency and firing
rate (A and B) and the relationship between

latency and firing rate). Abscissa shows the
response types iA andB. Ordinates show the
response onset latency)(and the firing rate
(B). For each data bar plotted in the figure, the
white line in the middle is the median value of
the data; the light gray area shows the 95%
confidence interval for the median, the dark
gray area shows the interquartile range of the
data, and the whiskers are drawn to cover the
full data range.A: latency distributions of
responses related to either DMS patterns or
cues for TE neurons and perirhinal neurons,
respectively. There is no difference in latency
0 0 distribution between DMS pattern-related re-

sponses and cue-related responses in either
Pattern Cue Pattern Cue Pattern Cue Pattern Cue TE neurons or perirhinal neurons. However,

the median latency is 66 ms longer in perirhi-
Response Type ResPonse Type nal cortex.B: firing rate distributions of re-

sponses related to either DMS patterns or cues
C for TE neurons and perirhinal neurons, re-
spectively. Firing rate distributions overlap
a® e TE considergbly be;\we?n responses og TE neu-

. . rons and perirhinal neuronsC: abscissa

300 hd Lln?ar' (TE) shows the firing rate and the ordinate shows
4 A Perirhinal the latency. Linear (TE) and Linear (perirhi-
A . ———Linear (perirhinal) nal) show the linear regression lines for TE
and perirhinal neuronal responses, respec-
tively. Intercepts are statistically different
whereas the slopes of the regression lines are
statistically indistinguishable (see text).
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spikes/s, interquartile range 8—-15 spikes/s; 233; Fig. @). perirhinal neurons with responses related to DMS patterns, 27
There was no difference in distribution of either latency ahowed stimulus selectivity in the sample responses (single-
firing rate between the cue-related responses and patternfaetor ANOVA, R> = 0.10+ 0.02,n = 27, P < 0.05; Fig. 7).
lated responses in either TE or perirhinal cortex (Kruskafhe percentage of perirhinal neurons showing stimulus selec-
Wallis test, NS). The background activity in these two areagity is also similar to that reported previously (Nakamura et
(taken from the 350-ms period before the cue appeared whgn1994: Riches et al. 1991).
there was a significant response anywhere in the trial) wasye examined whether the DMS pattern-related responses
similar (TE: median 7.8 spikes/s, interquartile range 5.3—-11y@re influenced by the behavioral context of DMS (i.e., sam-
spikes/sn = 53; Pgrirhinal: median 8.6 spikgs/s, interquartil9|e, nonmatch, and match in which the stimulus was dis-
range 4.9-11.6 spikes/s,= 41; Kruskal-Wallis test, NS).  played). The number of nonmatching stimuli appearing in a
The strengths of stimulus-elicited responses for perirhingla| varied from 0 to 3. Only the responses from the first
neurons were significantly lower than those for TE neuromgnmatching stimuli were used for this analysis even if more
(Kruskal-Wallis test,P < 0.05). Latency covaries with re-than one nonmatching stimulus appeared in the DMS. Also,
sponse strength to a small degree in both areas (Linear regi@gnple and match responses were taken only from the trials
sion,P < 0.05; perirhinal: slope= —1.20, intercept=150; TE: \jth at least one nonmatching stimulus to ensure equal num-
slope = —0.65, intercept= 95; Fig. ). The intercepts of pers of trials in sample, match, and nonmatch responses.
these linear regressions were significantly differefte$t,  As reported previously (Eskandar et al. 1992), although the
t-value = 9.5, P < 0.05), and the slopes were statisticallyyerage firing rates of both the nonmatch and match responses
indistinguishablettvalue = 0.63, NS). Thus the difference inyere slightly stronger than the sample responses averaged over
latency was consistent across the range of overlapping {ge 50 TE neurons, there was no statistically significant differ-
sponse strengths. ence among them [single-factor ANOVA(2, 575) = 0.78,
DMS PATTERN-RELATED RESPONSES AND INFLUENCE OF DMs NSJ. Similarly, there was no difference in the mean spike firing
PHASE ON THESE RESPONSES. Fifty TE neurons and 30 perirhi- rates averaged over all 30 perirhinal neurons in the sample,
nal neurons responded to DMS patterns displayed in the DM8nmatch, and match conditions [single-factor ANOWAZ,
phase of the trial. The neurons responding to the DMS patte283) = 0.25, NS]. However, previous studies have shown that
displayed as sample stimuli, referred tosasnple responses the behavioral context of DMS could significantly affect the
always responded to the same patterns when they were gigttern-related responses of individual neurons (Eskandar et al.
played as nonmatch or match stimuli. 1992; Miller et al. 1991a). Therefore we examined the effect of
Of the 50 TE neurons responding to the DMS patterns, 4@havioral context of DMS across all patterns for each neuron
showed stimulus selectivity in sample responses (single factming ANOVA.
ANOVA, R?> = 0.20 + 0.03, mean+ SE,n = 46,P < 0.05; DMS pattern-related responses of one TE neuron showing a
Fig. 7). The percentage of TE neurons showing stimulus sggnificant influence of DMS phase are shown in Fig. 8. This
lectivity is similar to that seen previously (Desimone et aheuron responded to all eight stimuli displayed in all three
1984; Gross et al. 1972; Tanaka et al. 1991). Of the 3WMS phases. All responses were excitatory except those elic-

DMS 8

4 5 6 7
Pattern E E ; m

1 2 3

TE
Neuron

Perirhinal
Neuron

p2p03r1, 0
1

ad

]
.P-
1
.?__
?

500 ms

FIG. 7. DMS pattern-related neuronal responses of a TE neuron and a perirhinal neuron. Neuronal responses are shown in both
the spike raster dots diagranteff) and spike density function plotbdgtton). Abscissa in both the rasters and spike density plots
represents time. In a raster, the ordinate represents the neuronal responses to the same experimental condition over time (earliest
trial at thetop), and each dot represents the time of an emitted spike. In a spike density plot, the ordinate shows instantaneous firing
frequency averaged over all trials at a 1-ms resolution. Black curve, mean; gray areas on both sides of the curve, SEs at each point
in time. Solid vertical lines in the raster and spike density plots: stimulus onset. Responses are aligned to stimulus onset and are
shown from 300 ms before to 550 ms after stimulus onset. Time scale and firing rate scale are shownttdrtheght Dashed
line in each plot indicates the estimated latency of that response. Both the TE and perirhinal neurons show strong stimulus
selectivity. Time scale at thieottom rightrepresents 500 ms, and the response scale dtdttem rightrepresents 80 spikes/s.
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—*+ Sample
40 e
0 Hp32r1, 0 ®- Nonmatch
=&- Match

35

proportion of TE neurons. A small percentage of the perirhinal
neurons showed the same small effect.

INFLUENCE OF SCHEDULE STATES ON THE DMS PATTERN
RESPONSES. To determine whether the schedule states influ-
ence the neurons’ responses to the DMS patterns, we combined
the responses to a given pattern from the sample period with

30 1 the responses induced by the same pattern from the match
§ period for the neurons that showed no significantly different
(7]

@ 251
2 A
‘a
) 20 - - 11
3 -=- 2/2
2 307 i1posr2, 1 3/3
8 15 213
a 1/2
o o 25 1/3
10 7 3
F
x 201
5 &
@
. , ‘ s 15
R ‘ _ . Q
| : o
WS E =R = 2
m . - - - 10 4
1 2 3 4 5 7 6 8
DMS Patterns 5 :
FIG. 8. DMS pattern selectivity of a TE neuron in different phases of a i
DMS trial showing that behavioral context significantly affected DMS pattern- =
related responses. —, sample responses.nonmatch responses; - - -, match 8
responses. Bars show SEs. Stimuli are numbered as in Fig. 1. Neuron showed
stimulus selectivity in all 3 phases of a DMS trial, i.e., sample, nonmatch, and B
match. However, the behavioral context of DMS also affected this neuron’s
responses significantly (2-way ANOV/A, < 0.05; see text).
551 p2poart, 0
ited by a white square (numbered 8), which were inhibitory.
This neuron showed stimulus selectivity in all three DMS _
conditions. The effect of the behavioral context was significant 9 45
[behavioral context term of the 2-way ANOVA;(2,1533)= -E
9.67,P < 0.05], but small R? = 0.006). There was also a 2
significant nonlinear interaction between the DMS patterns and o
behavioral context of DMS [interaction term of the 2-way £ 35,
ANOVA, F(14, 1533)= 2.77,R?> = 0.01,P < 0.05]. Thus for ﬁ
this neuron DMS phase accounted for 1.6% of its response s
variance. @
We carried out this same analysis for all 50 TE neurons that @ 29
responded to the DMS pattern. Twenty-one (42%) showed
significant interactions between DMS pattern and behavioral
context of DMS (interaction term of the 2-way ANOVR, <

0.05). For these 21 neurons, the average variance accounted for
by the behavioral context was 0.620.01 (1 = 21). Of the 30
perirhinal neurons that responded to the DMS pattern, 8 (26%)
showed significant interactions between DMS pattern and be-

NECET R
7 6 3 4 1 5 2 8
DMS Patterns

havioral context of DMS (interactio_n term of the 2_—W61y FIc. 9. DMS pattern selectivity of a TE neuroA)(and a perirhinal neuron
ANOVA, P < 0.05). Again, the proportion of average variances) in different schedule states, respectively. Each color curve represents the

accounted for by the context was 0.820.01 f = 8).

response in 1 schedule state. Bars show SEs. Stimuli are numbered as in Fig.

Thus as has been reported before (Eskandar et al. 1992 : this TE neuron showed stimulus selectivity in all 6 schedule states as well

there was a smalk2% of response variance), but significantyey,

an effect of schedule states (2-way ANOWA< 0.05; see text)B: this
irhinal neuron showed similar stimulus selectivity in all 6 schedule states,

effect of behavioral context in DMS task for a substantialut no effect of schedule state, per se (2-way ANOVA, NS; see text).
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(1/3)
! FIG. 10. Cue-related responses of a TE neuron.
Conventions as in Fig. 7. Although this neuron
shows a small degree of response modulation re-
lated to the cue’s brightness, the cue elicits strong
responses in all schedule states. Thus the responses
of this TE neuron signal that the cue has appeared

11p33r3, 0 regardless of the schedule states (see text). Time
scale at thdottom rightrepresents 500 ms, and the
I response scale at thsottom right represents 40

spikes/s.

(1) (2/2) (3/3) (2/3) (1/2)

40 sp/sec

500 ms

responses in the two periods. If there was a difference betwednthe cue, suggesting, in line with previous interpretations,
sample and match responses, then only the sample respotis&sTE neurons respond to stimulus identity (Tanaka 1996).
were used in the analysis. In addition, only neurons with at The responses of perirhinal neurons to the cue were quali-
least five trials in each schedule state of any given stimultetively different from those of TE neurons in that the variance
were used in the analysis. in the cue-related responses was better explained when it was

Neuronal responses from 23 TE neurons were analyzed; fetated to the six schedule states than to the four brightnesses.
15 neurons, the responses from the sample and match peridtisof the 33 perirhinal neurons with cue-related responses
were combined, and for the other 8, the responses from samgewed schedule-related selectivity (single-factor ANOVA,
period only were used. Neuronal responses from 19 perirhifal<< 0.05). Of those, 30 responded in one or more reward
neurons were analyzed:; for 11 neurons, the responses fromgfes. The 22 that responded in only one or two of the three
sample and match periods were combined, and for the othef@yvard states were expected to and did show significant selec-
the responses from the Samp|e period were used. tivity for partlculqr rgward states. Of the elght remaining

The schedule states had a significant influence on the DNgUrons responding in all three reward states, four showed
pattern-related responses in 4 of 23 (17%) TE neurons. The $ighificant response selectivity across the reward states (single-
neuron shown in Fig. A responded selectively to the DMSfactor ANOVA, P < 0.05). _ _
patterns in all schedule states. However, the schedule statekhe response selectivity is often manifestedlyyorrgating
influenced both the firing rate and selectivity of the neurdi¢lated to the schedule (example in Fig. 12). Twenty-five of the
[interaction term of the 2-way ANOVAF(35, 1490)= 2.53,

R? = 0.05,P < 0.05]. The averaged variance accounted for by 0.25
the schedule states on the DMS pattern-related responses for
the 4 TE neurons was 0.04 0.01 ( = 4). For the remaining

19 TE neurons, the schedule had no influence on the DMS
pattern-related responses (interaction term of the 2-way
ANOVA, NS).

The schedule states did not influence the DMS pattern-
related responses of any of the 19 perirhinal neurons (interac-
tion term of the 2-way ANOVA, NS). A perirhinal neuron’s
responses to the DMS patterns in all six schedule states are
shown in Fig. 8. Although the neuron responded selectively
to the DMS patterns, the schedule states as a set had no effect ¥
on the responses [interaction term of the 2-way ANOW{35, 0.051 rd —— Linear (TE)

892) = 0.72, NS]. Nor did any pair of states yield a significant 4““ ® Perirhinal
difference. Thus in our sample the schedule states had a small —— Linear (Perirhinal)
effect on the DMS-pattern elicited responses of a few TE ) )
neurons but not on those of any perirhinal neuron.

0.20 A

0.15 1

0.10 1

for 6 schedule states

R2

0.00 -+ T .
0.00 005 010 0.15 0.20 0.25

R? for 4 brightnesses

CUE-RELATED RESPONSES. For all 19 TE neurons showing cue- _ _ o
related responses the responses occurred in all schedule s%aff_fsi\}\io\\//:)”gnc?th'” fhue‘-lfglati? fesponSf?ﬁ accountfg F!grlr(hSIgglle ot
PR - - 1 factor y either the 4 brightnesses of the cues or the 6 schedule states
(gxample In FIg.le). Five of the TE neurons responded ide ociated with the cues: -, equality line. Linear regression line [Linear
tically to the cue's appearance regardless of the schedule s{airhinal)] for the perirhinal neurons is significantly above the equality line,
or the cue’s brightness (single-factor ANOVA, NS). The 1ldhereas the linear regression line [Linear (TE)] for the TE neurons is not. For
remaining TE neurons showed response modulation acrdi®sl4 TE neuronsa) showing significant selectivity (single-factor ANOVA,

cues. The same amount of the response varidrfce: (0 05 + P < 0.05) for both the schedule states and the cue’s brightnesses, both the 6
' .~ __schedule states and the 4 brightnesses of the cue explained the same amount of

0.01;n = 14) could be explained by the four cue brightnessggiance g2 — 0.05 + 0.01, meant SE,n — 14: pairedt-test, NS). For the

as by the six schedule states (pairetest, NS; Fig. 11). 26 perirhinal neurons ) showing significant selectivity (single-factor

Furthermore, for all of those 14 TE neurons, the responsesAOVA, P < 0.05) for both the schedule states and the cue’s brightnesses, the

the reward states (i.e., 1/1, 2/2, and 3/3 states in which the cHE>§°2fg;3USOfS‘_’;r:!?Qggth?éz'sm(g t::)yaF:]:d‘tle(;ltjePbIEh(;%GSS)E%Fi(r?.?hiia?ﬁ%Lnt
R . - ) = is signifi y i , . u

are the same dark bar) were m.dIStmnghable (single fac@({)lained by the 6 schedule statB$ € 0.10=+ 0.01,n = 26).», 5 TE neurons

ANOVA, NS). Thus the modulation of cue-related response@s; fail to show selectivityp, 7 perirhinal neurons that are selective for 6

exhibited by TE neurons appears to be related to the brightne&gdule states but not for the 4 brightnesses.
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) (2/2) (3/3) (2/3) (112) (1/3)

FIc. 12. Cue-related responses of a perirhinal
neuron. Conventions as in Fig. 7. This perirhinal
neuron showson-oFF gating to the visual cue,
responding strongly to the cue’s appearance in the
1/1, 2/3, 1/2, and 1/3 schedule states but not in the
T e 2/2 and 3/3 states. This neuron’s cue-related re-

p2p03r1, 0 sponses can be interpreted as signaling the begin-
ning or continuation of a reward schedules (see
text). Time scale at theottom rightrepresents 500
ms, and the response scale at thattom right
represents 70 spikes/s.

70 sp/sec

500 ms

perirhinal neurons showed excitatory responses to the dieations of schedule states (examples illustrated in Figs. 12
(example in Fig. 12); the remaining eight showed inhibitioand 13).
(example in Fig. 13). The response profiles of all the perirhinal neurons with
The neuron shown in Fig. 12 responded strongly only whewe-related responses can be explained by the cue’s relation to
the cue appeared in the 1/1, 2/3, 1/2, and 1/3 schedule stakesschedule. For the perirhinal neurons showing cue-related
(paired t-test, P < 0.05). It did not respond when the cueesponses selective for different final trials ending the one-,
appeared in the 2/2 or 3/3 schedule states. Thus the ¢we-, and three-trial reward schedules, i.e., 1/1, 2/2, and 3/3
selectivity exhibited by this neuron appears to be related to thtes (19 neurons; classes 3, 5, 6, 7, 10, 11, and 12), the cue’s
schedule states. Because the neuron was active in the rblation to the schedule state seems to be the only possible
schedule state, but not in the 2/2 and 3/3 schedule states wtégplanation for the response profiles. For remaining perirhinal
also signaled reward trials, the cue’s relation to reward canmaurons (14 neurons; classes 1, 2, 4, 8, and 9), the brightness
account directly for this neuron’s response selectivity. Thef the cue provides a possible alternative explanation for the
response profile cannot be explained by the cue’s brightnesssponse selectivity, whereas for six neurons, the cue’s direct
either. The same cue (a dark bar) was used in the 1/1, 2/2, aelétion to reward provides an alternative explanation (classes
3/3 schedule states, yet the neuron responded only in 1/1 statand 9).
Finally, the monkey performed all trials ending in reward To test further whether the cue’s relation to the schedule
equally accurately and quickly regardless of which schedwudéate was the factor that modulated a perirhinal neuron’s cue-
was in effect (cf. Fig. 4), so it seems likely that the monkey waslated response, 14 cue-responding neurons were recorded in
equally attentive in all three schedule states, 1/1, 2/2, and 388th the cued and shuffled conditions. For 12/14 (86%) neu-
Thus differences in the monkey’s attentional effort seem urens the cue-related responses lost their response selectivity
likely to account for the response differences. This particulduring the shuffled condition. Ten neurons stopped responding
neuron’s response could be interpreted either as signaling theany of the cues in the shuffled block (Fig. 15). Two other
beginning (1/3, 1/2, and 1/1) or the continuation (2/3) of meurons became responsive to all cues in the shuffled block of
schedule. the test after showing strong selectivity in the cued condition
Similarly, the neuron shown in Fig. 13 showed strong inhiFig. 16).
bitions to the cues in 1/1, 1/2, and 1/3 schedule states and’he last 2 (2/14) neurons maintained the same response
showed weak inhibition to the cues in the 2/3 and 2/2 statesplbfile in the shuffled condition as in the cued condition (2-way
did not respond to the cue in the 3/3 state. The responses of thidOVA, NS). Of the two neurons, one responded under both
neuron could be interpreted as signaling the first and secarwhditions to the appearance of the 1/3 cue (class 1) and the
trials of a schedule. other, to the appearance of 1/3, 2/3, and 1/2 cues (class 4). Thus
If we regard the cue-related responses of perirhinal neurahg interpretation of the responses in the cued condition of
as binary, i.e., response versus no response, we can classifyhalse two neurons is ambiguous because they could be selec-
33 neurons (Table 1). Some neurons< 7) responded at the tive to the cue’s brightness rather than to the schedule state.
beginning of one or more schedules (1/3, 1/2, and/or 1/1; Fig.The results from an ANOVA support the conclusion that
14A). Other neuronsn( = 8) responded at end of one or moreue-related responses of perirhinal neurons are better explained
schedules (3/3, 2/2, and/or 1/1; Fig.B)4 The remaining in terms of schedule states. Fewer perirhinal neurons (26
neurons it = 18) had selectivities for more complicated comneurons) showed selectivity for brightness than for schedule

(1/1) (2/2) (3/3) (2/3) 172) (1/3) Fic. 13. Cue-related inhibitory responses of a

@ 5 perirhinal neuron. Conventions as in Fig. 7. This
neuron shows strong inhibitory responses to the
cue’s appearance in the 1/1, 1/2, and 1/3 schedule
states and weak inhibitory responses to 2/3 and 2/2
states. It does not respond to the cue’s appearance
in the 3/3 state. This neuron’s cue-related responses
can be interpreted as signaling the 1st trial and 2nd
trial of any schedule, or conversely, it can be sig-
naling the 3rd trial in the 3-trial schedule. Time
scale at thdottom rightrepresents 500 ms, and the
response scale at theottom right represents 30
500 ms spikes/s.

p3p22r2, 0

30 sp/sec
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TABLE 1. Categories of response profiles of perirhinal neuronal responses related to the cues

Schedule States

Relation to Schedule Class 1/1 2/2 3/3 2/3 1/2 1/3 No. of Cells
Beginning Q) I 1
2) % 17 2
3) . :/ e 4
Others (4) 7 % 7 3
(5) » » » e 5
(6) e » » 1
@) » e » » e 4
(8) » e » » » 5
End 9) v 7 % 3
(20) % % 1
(11) v 17 3
(12) % 1

A check mark &) indicates a significant response.

state (33 neurons). Furthermore, for all of these 26 perirhinahavioral context of the DMS trial. However, we also have

neurons, the amount of variance explained is greater when shown here that there are large differences in the neuronal
schedule states were used in the ANOVA than when fotgsponse properties of these two areas, particularly when the
brightnesses were used (pairetést,P < 0.05; Fig. 11). visual stimuli, here visual cues, are explicitly related to the

reward schedule. First, the response latency distribution in
perirhinal cortex is far later than would be expected given the
large direct projection from area TE. Second, the responses of

In this study, we identified differences in neuronal respon&@e perirhinal neurons related to the reward schedule cue seem
properties between TE and perirhinal neurons. We record@jbe interpreted most parsimoniously as carrying associative
single neurons from both areas while two monkeys performé#ormation about the reward schedule; in contrast, the cue-
delayed match-to-sample trials combined with visually cudglated responses of the TE neurons show modulation related to
reward schedules. The visual cue modulated the monkesg%e visual cue that are best interpreted as conveying informa-
behavior even though there was no requirement for monkeydi@ about the cue’s brightness. Perirhinal cortex may be im-
notice the cue. This result led us to believe that monkep§rtant for establishing the relation between expected sched-
voluntarily adjusted their motivation levels according to thiles of work and reward.
schedule. As expected, there are some similarities in the neu-
ronal response properties of TE and perirhinal cortex. Neuroggtivation
in both areas show similar response properties when the stimuli
are only related to the stimulus recognition such as the DMSWe have used the monkey’s behavioral performance to
patterns. Neurons in both areas show stimulus selectivity to tialuate its motivational level, and it seems likely that the
DMS patterns, and the neuronal responses related to the DM&er is influenced by both aspects of the task: schedule and
patterns show a small amount of modulation related to thedividual trial. The influence of the schedule on motivation

DISCUSSION

(n) (212) (3/3) (2/3) (1/2) (113)

FIG. 14. Cue-related responses of 2 perirhi-
nal neurons. Conventions as in Fig. A. this
p3p16r1, 0 perirhinal neuron responds to the cue’s appear-

ance in the 1/1, 1/2, and 1/3 schedule states but
does not respond in 2/3, 2/2, and 3/3 states.
% Response profile could be interpreted as one

signaling the beginning of a schedulB: this
perirhinal neuron responds only to the cue’'s
appearance in the 1/1, 2/2, and 3/3 states but
does not respond in the other states and so seems
to signal the ending of a schedule. Time scale at
the bottom right represents 500 ms, and the
response scale at thmttom rightrepresents 20
spikes/s.

30 sp/sec




1688 Z. LIU AND B. J. RICHMOND

(11) (2/2) (3/3) (2/3) (172) (1/3)
Cue a— ——

Cued - : H .- 2 i
S WV W SR SR VNN 9
NS

Shuffled p2p09r2,0
Condition
500 ms 8

Fic. 15. Cue-related responses of a perirhinal neuron in both the cued and shuffled conditions. Conventions as in Fig. 7. In the
cued condition, this neuron responds strongly to the cue’s appearance in the 1/3 state and weakly, but significantly, in the 1/2 state.
There are no responses to other states. Same neuron does not respond to the cue’s appearance at any brightness in the shuffled
condition. Responses to both the 1/3 and 1/2 cues disappeared in the shuffled condition. Time scalettainthiéghtrepresents
500 ms, and the response scale atlib#tom rightrepresents 20 spikes/s.

was very strong when the monkey was performing the taslosest to reward (1/1, 2/2, and 3/3 schedule states), suggesting
under the cued condition. The monkeys’ error rate was lothat the monkeys are most motivated during trials in which
(<10%; seemetHoDpSs) when every correctly performed DMSthey know the reward is forthcoming. In short, the monkeys’
trial was rewarded in the last training period before the scheatotivation level in the rewarded trial when they were perform-
ule was introduced. After the schedule was introduced, tireg the schedule was even higher than the motivation level
error rates were greatest20%) in the trial that was farthestwhen they were performing the task in which every correct trial
from reward (1/3 schedule state) and lowes8{0) in the trials is rewarded (the training condition).

(11) (212) (313) (213) (1/2) (1/3)

Cue

Cued

Condition

Sthﬂed p2p13r2, 0

Condition ‘ 2
pIv g

500 ms 3

FIG. 16. Cue-related responses of a perirhinal neuron in both the cued and shuffled conditions. Conventions as in Fig. 7. In the
cued condition, this neuron responds to the cue’s appearance in the 1/1, 1/2, 1/3, and 2/3 schedule states but not in the 2/2 and 3/3
states. In the shuffled condition, the same neuron responds to the cue’s appearance in all states, and stops differentiating between
the cue’s brightnesses (single-factor ANOVA, NS). Time scale abditeom rightrepresents 500 ms, and the response scale at the
bottom rightrepresents 20 spikes/s.
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The cue-related behavior of the monkeys in the visually cued 0.25 - DMS pattern

2N |

schedule task used here is similar to that seen in earlier studies DMS phase
(Bowman et al. 1996; Shidara et al. 1998). The monkeys o Cue brightness
Cue states

performed DMS trials in the present study and color discrim- 0.20 -
ination (red-to-green) trials in those previous studies. Thus the @
schedule has a large influence on the monkeys’ behavior irre-£
spective of the difficulty or complexity of the underlying task
(DMS vs. color discrimination).

Intuitively, it seems reasonable to expect the complexity of
individual trials also to play a role. The influence of trial
complexity is seen by comparing the monkey’s behavior in the
shuffled condition here to the behavior seen in the shuffled ©
condition by Shidara et al. (1998) (DMS vs. red-to-green color &
discrimination). In both cases, the monkeys treated the task as 0.05 1
one with a variable-ratio reward schedule (constant perfor-
mance across trials) (Mackintosh 1983). Although the mon-
keys are performing very well during the shuffled condition 0.00 -
here £10% error), their performance falls significantly short
of the best observed—<3%), whereas in the Shidara et al. :
(1998) study using color discrimination, the monkeys per- Cortical Area

formed at the maximum level (i.e., most quickly and acc _FIG. 17. Percentage of variance in the neuronal response can be explained
o Lf)y various factors. Each bar represents the average contribution of 1 factor to

r_atel_y) during th? SthﬂeP' C_ond|t|0n' One pQSS]b|§ m_terpretg.,—e response variance of either TE or perirhinal neurons. Errors shown are SEs.
tion is that DMS is more difficult than color discrimination andistribution of the variance explained by ANOVA is considerably different in
hence is more aversive in some conditions (e.g., in the shuffleda TE than in perirhinal cortex. Variance related to the DMS patterns is
condition). However, under the cued condition, apparently tffgger in TE. Variance related to the cue in Tfﬂ;s;ge. same when related to
. ; ifher the cue’s brightnesses or the schedule staje¥ériance related to the
knOW.Iedge that. a correct response .On the trial WI”.be reW_ardElLae] is larger in perirhinal cortex, and is largest when related to the 6 schedule
overrides the difficulty and/or aversiveness associated with th&es ). Also see text and Fig. 11.
individual trials. Thus the balance between the appetitive and

aversive aspects of individual trials appears to be modulatedlbgst using ANOVA). The variance that is explained is distrib-

anc

0.15 -

0.10 -

ent of Vari

Perirhinal

both the schedule and the difficulty of the trials. uted differently across the experimental factors in area TE than
in perirhinal cortex (see Fig. 17). The variance related to the
Latency DMS patterns is larger<€20%) in TE than in perirhinal cortex

e, . X
Although the shortest latency for perirhinal neuronal ré; 10%). Furthermore the variance related to the cue is only

o o o
sponses is about the same as the shortest latency for T % in TE, and it is related to the cue’s brightness, whereas

neuronal responses (cf. Fig. 6), the distribution of latencies fth variance related to the cueisl0% in perirhinal cortex
P - "19. 5), \&rnen it is interpreted in relation to the cue’s schedule states.

perirhinal neurons shifts from a median of 78 ms in TE to 14 It has been shown before and we confirm here that visually

ms in perirhinal cortex, a shift of 66 ms. In area TE the latency. . . ;
. -~ .dlicited responses during DMS show modulations related to the
has been reported to be 70-120 ms, whereas in perirhi ﬁf e of tﬁe DMS trialgi.e. the responses are often signifi-

cortex the latency has been reported to be as short as 100 . :
: . ) antly different in the sample, nonmatch, and match phases
averaging 150 ms (Baylis et al. 1987, Nakamura et al. 199 skandar et al. 1992; Gross et al. 1979; Li et al. 1993; Miller

Richmond et al. 1983, 1987; Xiang and Brown 1998). Xian o . :
and Brown (1998) also found a large latency differenc@( ;éal' 1993; Riches et al. 1991). Here we quantify this DMS

: se-related modulation and show that although it is signifi-
ms) across.these two areas. The !atency Q|ﬁerence betw ﬁt it is small. In the only previous study i% which gt]he
these two directly connected areas is a striking departure fr? bnse varianée related to the DMS phase was quantified the
the general observation that latencies in sequentially conne(} P P q

. ) . . ount of variance explained by DMS phase was also small
visual cortical areas shift by 10-15 ms (Baylis et al. 198 Eskandar et al. 1992). Other studies emphasized response

cﬁanges that took place as the stimuli became more familiar (Li
etal. 1993; Miller et al. 1993; Riches et al. 1991). The response

There are presumably many possible explanations for tIEﬁcame smaller as the stimuli became more familiar. Here the

shift in latency distribution, including a requirement for feedf— nr?illjigri\f[ve;ﬁ 0%||I§a?g \I:zry afr?m”tlﬁg sﬁgumﬁejgt?o'r‘nsc{ﬁ:f \IICGQ
back to perirhinal cortex via several other stages or a systerr%bort hgre playnop

ﬁgagtm%h&hﬁs?ﬁl% ;[Z?tﬁgllyggr': :ﬁlovﬁgcﬁg/z%yopersggggg o Finally, in area TE the cue-related responses can be regarded
9 P gna. y simply sensory driven because TE neurons always fired to

fnlheaI;; r|]r(1a ?r?elllgrt]én%r;/ tor:‘epgierﬁPni\rI"ig]urrgﬁgons'ble for the Ia@ cue’s appearance in all schedule states and no extra vari-

' ance is explained by separating the three end-of-schedule states

(1/1, 2/2, and 3/3 states; cf. Fig. 11). The cue-related responses
of perirhinal cortex must be regarded as associative and not
Overall only about one-quarter of the total response variansinply sensory because cue-related responses were differen-
in these two areas can be related to the experimental factorstigtle in the three end-of-schedule states (1/1, 2/2, and 3/3

Robinson and Rugg 1988). Not every study has reveale
difference in latency across these two areas (Nakamura et
1994).

Influence of behavioral context
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states); in all but two neurons, cue-related responses eitiepairments in visual stimulus-stimulus associations. Other
disappeared or became indistinguishable in all schedule statsent work also has shown that the perirhinal cortex is central
under the shuffled condition; and for every neuron, the schddr other types of stimulus-stimulus association as well (Mur-
ule states account for more variance than cue brightness aloae and Bussey 1999). The most recent behavioral and phar-
(cf. Fig. 11). Furthermore in perirhinal cortex, the associativeacological studies support the idea that perirhinal cortex is
effect of the visual cue is as large as the effect related to timeportant for associative learning (Herzog and Otto 1998;
DMS patterns. Thus in the conditions used here, it is clear thdurray et al. 1998). In a direct test, we recently have found
the physiological properties of perirhinal neurons are distintttat rhinal cortex lesions severely impair learning to associate
from those of TE neurons. new visual cues with reward schedules of the kind used here
(Liu et al. 1999). In light of this behavioral result, our physi-
ological results here support an important role for perirhinal
cortex in the development of associative memories and extend
earlier behavioral findings by showing that association can
The responses of neurons in the anterior part of the temparalolve reward schedules.
lobe (including perirhinal cortex) can be modulated by many
factors, such as stimulus identity (Nakamura et al. 1994 . ; i
Riches et al. 1991) and attention (Desimone 1996; RichmoﬁancnonaI difference between TE and perirhinal cortex
et al. 1983). Here we found that more than half of the cue-On the basis of anatomic, behavioral and electrophysiolog-
responding perirhinal neurons responded during only a subggil results, the inferior temporal cortical areas are considered
of the trials ending different schedules (Table 1) despite the be the end of a stream of visual processing that emphasizes
fact that the cue was identical for these trials. Furthermotiee identity of objects, both their physical appearance and
shuffling eliminated most of the cue-related perirhinal neuronademories related to their identity (Suzuki 1996, Tanaka 1996).
responses. Thus perirhinal neurons do not specifically code haest studies of TE and perirhinal cortex generally have been
presence or absence of reward nor what the cue looks like, idesigned to investigate their role in either object identification
its brightness, nor the level of attention directed toward the short-term memory of object identity (Suzuki 1996). Neu-
stimuli. Perirhinal neurons do not respond to bar release mns in both area TE and perirhinal cortex have shown stimulus
reward delivery as ventral striatum neurons commonly dselectivity (Desimone et al. 1984; Gross et al. 1972; Nakamura
(Bowman et al. 1996; Schultz et al. 1992; Shidara et al. 1998}. al. 1994; Riches et al. 1991; Tanaka et al. 1991), and our
The most parsimonious interpretation of the cue-related findings in the DMS trials here are consistent with those
sponses of perirhinal neurons is that these neurons as a pdingings.
lation keep track of progress through these predictable rewardSiven how strongly perirhinal neurons code information
schedules. For example, a neuron in class 3 (see Table 1) rabgut the progression of a predictable schedule and given the
signal the beginning of any schedule, a neuron in class 2 m@yminent reciprocal connections between perirhinal cortex
signal the beginning of schedules longer than 1, and the suneofd area TE (Saleem and Tanaka 1996; Suzuki and Amaral
the responses of the two neurons may be used to indicate 1994a), it is surprising that we were only able to detect signals
one trial in a single trial schedule. Thus perirhinal neuronslated to the brightness of the cue in area TE. Furthermore,
appear to code the associative meaning of the cue for signalberause TE projects directly to perirhinal cortex (Saleem and
progress through schedules in a manner similar to the c&naka 1996), the transformation from stimulus identity in
related responses recorded in the ventral striatum by Shidaramia TE to stimulus meaning in perirhinal cortex appears to
al. (1998). occur in one feedforward processing step. It remains for future
work to identify how this transformation can occur.
Although most single-neuronal recording studies have failed
to distinguish between TE and perirhinal cortex, Buckley et al.
It has been hypothesized that perirhinal cortex is a criticél997), using selective lesions, found behavioral differences
site for consolidation and storage of information about objedietween the two areas. Monkeys with removals of the perirhi-
(Buckley and Gaffan 1998a—c; Mishkin et al. 1997; Murray etal cortex were impaired in performing a short-term memory
al. 1998; Suzuki 1996). Electrophysiological studies show netask but not a color-discrimination task, whereas the monkeys
rons in the perirhinal cortex respond selectively to complexith removals of area TE were deficient in performance on the
objects (Nakamura et al. 1994; Riches et al. 1991). Removioglor-discrimination task but not the short-term memory task.
the perirhinal cortex produces severe impairment in obje@ur results showing that the neuronal responses of perirhinal
recognition memory (Meunier et al. 1993) and in the retentiareurons code the associative behavioral significance of the
of preoperatively learned object discriminations (Buckley aratimulus lead us to suggest that perirhinal cortex is also critical
Gaffan 1997; Gaffan and Murray 1992; Thornton et al. 1997pr associating behavioral meanings with visual stimuli. At this
An early clue that perirhinal cortex might be related tpoint, we wonder whether unknown associations also could
associative learning came from Spiegler and Mishkin (198Dive rise to the perirhinal responses seen in the DMS part of
who reported that removal of both area TE and perirhintiis task. If that was the case, then only one mechanism would
cortex produced impairment in one-trial learning of objecbe needed to interpret the responses of perirhinal neurons. In
reward associations, suggesting that perirhinal cortex cowdpport of the speculation, it has been shown that pattern
play a role in attaching associative meaning to objects. Maselectivity develops with stimulus-stimulus associations in in-
recently, Murray et al. (1993) and Miyashita et al. (1996Erior temporal cortex (Miyashita 1988; Sakai and Miyashita
showed that monkeys with perirhinal cortex lesions had seveir@91).

Relation of perirhinal neuronal responses to reward
schedules

Functional role of perirhinal cortex
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Finally, the perirhinal cortex is well-positioned anatomicallyarran, D. ano MURrAY, E. A. Monkeys Macaca fascicularipwith rhinal
to Contaln the Slgnals we have seen. The Slgnals related to th@rtex ablations succeed in ObjeCt discrimination Iearning despite 24-hr

; ; - dntertrial intervals and fail at matching to sample despite double sample
progress of a trial schedule could arise from the connectlon%‘resemation Behav. Neuroscil06: 30-38, 1992,

,betw_een pe”rhmal cortex and areas p”manly COdmg for VISU@LWNE, T. J.aND RicHmonD, B. J. How independent are the messages carried
identity such as area TE (Saleem and Tanaka 1997) and aregg adjacent inferior temporal cortical neurorsNeuroscil3: 2758—2771,
related to motivation and reward, such as amygdala (Aggletono9s.
et al. 1980; Stefanacci et al. 1996; Van Hoesen 1981), vent@abss C. G., BNDER, D. B., AND GERSTEIN G. L. Activity of inferior
striatum (Witter and Groenewegen 1986), and probably theemporal neurons in behaving monkeyéeuropsychologial 7: 215-229,
ventral tegmental area (Akil and Lewis 1993, 1994; Insausti et97°: _ .
al 1987) Throuah these connections. perirhinal cortex ma ROSS C. G., RocHA-MIRANDA, C. E.,AND BENDER, D. B. Visual properties of

’ ) g - = P y, Fﬁeurons in inferotemporal cortex of the macaque.Neurophysiol.35:
part of a system including ventral striatum and other areas withyg__111, 1972.

reward-related signals gauging the relation between wowkrzog C. anp OtTo, T. Contributions of anterior perirhinal cortex to
schedules and rewards. olfactory and contextual fear conditioningearn. Mem.9: 1855-1859,
1998.
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